Summary. This systematic review and meta-analysis summarizes the clinical effects of increasing perioperative blood flow using fluids with or without inotropes/vasoactive drugs to explicit defined goals in adults. We included randomized controlled trials of adult patients (aged 16 years or older) undergoing surgery. We included 31 studies of 5292 participants. There was no difference in mortality at the longest follow-up: 282/2615 (10.8%) died in the control group and 238/2677 (8.9%) in the treatment group, RR of 0.89 (95% CI: 0.76 -1.05; P¼0.18). However, the results were sensitive to analytical methods and withdrawal of studies with methodological limitations. The intervention reduced the rate of three morbidities (renal failure, respiratory failure, and wound infections) but not the rates of arrhythmia, myocardial infarction, congestive cardiac failure, venous thrombosis, and other types of infections. The number of patients with complications was also reduced by the intervention. Hospital length of stay was reduced in the treatment group by 1.16 days. There was no difference in critical care length of stay.
† Also, patients remain in hospital 1 day less. † The intervention should be individualized as it cannot be assumed that it will reduce mortality.
Summary. This systematic review and meta-analysis summarizes the clinical effects of increasing perioperative blood flow using fluids with or without inotropes/vasoactive drugs to explicit defined goals in adults. We included randomized controlled trials of adult patients (aged 16 years or older) undergoing surgery. We included 31 studies of 5292 participants. There was no difference in mortality at the longest follow-up: 282/2615 (10.8%) died in the control group and 238/2677 (8.9%) in the treatment group, RR of 0.89 (95% CI: 0.76 -1.05; P¼0.18). However, the results were sensitive to analytical methods and withdrawal of studies with methodological limitations. The intervention reduced the rate of three morbidities (renal failure, respiratory failure, and wound infections) but not the rates of arrhythmia, myocardial infarction, congestive cardiac failure, venous thrombosis, and other types of infections. The number of patients with complications was also reduced by the intervention. Hospital length of stay was reduced in the treatment group by 1.16 days. There was no difference in critical care length of stay.
The primary analysis of this review showed no difference between groups but this result was sensitive to the method of analysis, withdrawal of studies with methodological limitations, and was dominated by a single large study. Patients receiving this intervention stayed in hospital 1 day less with fewer complications. It is unlikely that the intervention causes harm. The balance of current evidence does not support widespread implementation of this approach to reduce mortality but does suggest that complications and duration of hospital stay are reduced.
Keywords: fluid therapy; perioperative care; surgery It has been known for many years that patients undergoing surgery are more likely to have serious complications or die if they have limited physiological reserve. 1 2 Post hoc analysis of patients undergoing major surgery revealed that survivors had a higher cardiac index (CI) and lower systemic vascular resistance than those who died. 3 4 Commonly monitored vital signs (heart rate, arterial blood pressure, central venous pressure, temperature, and haemoglobin concentration) were found to be poor predictors of mortality when compared with the flow-related variables cardiac output (CO) and total body oxygen delivery (DO 2 ). 5 6 In particular, survivors of major surgical procedures were found to have higher values for CO or DO 2 . More recently, studies have shown mixed results for the impact of oxygen transport on postoperative morbidity and mortality. 7 -9 New therapeutic options and monitoring techniques that became available in the 1970s, particularly the introduction of the pulmonary artery flowdirected catheter (PAC), 10 11 opened up the possibility of measuring and then manipulating an individual's cardiovascular system. It was hypothesized that targeting goals for CO and DO 2 in all patients to the values manifested by the survivors of surgery would improve outcome.
An important principle of this intervention is that the perioperative manipulation to augment CO and DO 2 would lead to an improved tissue perfusion and oxygenation. This physiological improvement would lead to better survival and fewer postoperative complications in patients undergoing major surgery.
It is almost 30 years since the initial uncontrolled data were presented suggesting that perioperative manipulation of flow-related cardiovascular variables might improve outcomes in higher risk surgical patients. 13 As then, a number of randomized trials have been undertaken in patients in the perioperative period which have investigated this issue. However, these trials differ in: † the case mix of the patients recruited (different operation severities, comorbidities and, therefore, expected mortalities); † the techniques used to measure CO (pulmonary artery catheter thermodilution, Doppler velocimetry); † the specific goals targeted [CO, DO 2 , maximum stroke volume (SV)]; † the techniques used to achieve the goals (fluids, fluids plus inotropes/vasoactive drugs); and † the management of the control arm.
In addition, some of the studies were not blinded and many had small sample sizes leading to limited statistical power. Despite this, a number of non-systematic reviews have attempted to combine studies in order to draw general conclusions from the studies. 14 -18 However, these reviews have identified varying numbers of trials and have not been undertaken systematically, using scientifically rigorous techniques for literature searching or for abstraction and analyses of data. Three previous systematic reviews have addressed this question 19 -21 and reported improved outcomes. They do not include recently published studies and did not focus exclusively on perioperative data. Among recent systematic reviews and meta-analyses, one study included patients with trauma and sepsis 22 while other studies analysed renal function 23 and gastrointestinal complications 24 as primary outcomes.
The time is now ripe for a systematic review of the literature to address the important question: does perioperative administration of fluids, with or without vasoactive drugs, targeted to increase global blood flow in adults undergoing surgery reduce mortality, morbidity and resource utilization? To describe the effects of perioperative (24 h before surgery and up to 6 h after surgery) administration of fluids, with or without vasoactive drugs, that were targeted to increase global blood flow (relative to control) as defined by explicit measured goals on outcomes after surgery (mortality, morbidity, resource utilization, and health status).
Methods
We searched the Cochrane Central Register of Controlled Trials (CENTRAL) in The Cochrane Library (2012, Issue 1), MEDLINE via OvidSP (1966 to March 2012), and EMBASE via OvidSP (1982 to March 2012). For searching in MEDLINE, we combined our topic-specific key words with the Cochrane highly sensitive search strategy for identifying randomized controlled trials (RCTs). 11 We modified this filter for use in EMBASE. We used specific keywords to identify potential studies (Appendix). We searched the proceedings of the following major, relevant European and North American conferences from the year 2011 backwards for any eligible studies: † American College of Surgeons (2011 Surgeons ( -1996 .
† American Society of Anesthesiologists (2011 Anesthesiologists ( -1995 . † American Thoracic Society (2011 -1997*) (*¼not available for searching before 1997). † Association of Surgeons of Great Britain and Ireland (2011 -1996) . † European Society of Anaesthesiologists (2011 Anaesthesiologists ( -1995 . † European Society of Intensive Care Medicine (2011 -1983) . † International Anesthesia Research Society (2011 -1994) . † Society of Critical Care Medicine (2011 -1986).
We included RCTs, with or without blinding, that were available as full published papers. We applied no language restrictions. We included adults (aged 16 years or older) undergoing surgery in an operating theatre. Perioperative administration (initiated within 24 h before surgery and lasting up to 6 h after surgery) of fluids, with or without inotropes/vasoactive drugs, to increase blood flow (relative to control) against explicit measured goals: cardiac output (CO), CI, DO 2 or oxygen delivery index (DO 2 I), oxygen consumption or oxygen consumption index (V O 2 I), SV or stroke volume index, mixed venous oxygen saturation (Sv O 2 ), oxygen extraction ratio (O 2 ER), and lactate.
Two independent authors identified titles and abstracts of potentially eligible studies. We resolved any disagreement by discussion. We obtained the full texts of potentially eligible studies. We abstracted the study characteristics including: study design; patient population; interventions; and outcomes. Two authors independently extracted data. We achieved consensus by resolving any disparity in data collection by discussion. In the absence of appropriate published data, we made at least three attempts to contact authors of eligible studies to obtain any required data. Some studies were conducted by the authors of this review. They were not involved in study selection, data extraction or risk of bias assessment. We performed the risk of bias assessment according to the Cochrane risk of bias tool. 25 We included studies with different treatment groups, interventions and outcomes. Consequently, we performed subgroup analyses of these differences. Many studies reported the number of complications, arrhythmias and infections as total numbers, leaving unclear what the denominators were for these episodes. We have not analysed variables for which the denominator was unknown. We contacted the authors of the studies for further information and the analysis was performed with the best available information when there was no response.
We assessed inconsistencies and variability in the outcomes among the studies by the I 2 statistic. Variations of .40% in the outcomes may not be explained by sampling variation. We assumed substantial heterogeneity when the I 2 statistic exceeded 40%. 25 We assessed graphical evidence of reporting biases using contour enhanced funnel plots with a subsequent Harbord or Egger's test. 26 27 We performed statistical analysis using Review Manager 5.1. 28 We applied the intention-to-treat method for all analyses. We used both fixed-effect and random-effects models for the primary outcome analysis and the fixed-effect model for the secondary outcomes. We used relative risks (RRs) and 95% confidence intervals (95% CI) for dichotomous outcomes and mean difference [standard deviation (SD) of the mean or 95% CI] for continuous variables.
Because of the heterogeneous nature of the selected studies, we conducted subgroup analyses in the following areas:
(1) The urgency of surgery (elective or emergency). We analysed mortality, both over the longest follow-up and hospital or 28-day mortality, with fixed-effect and randomeffects models. In addition, we excluded studies with fewer than 100 participants. The intervention in the protocol group varied. The control group in some studies had explicit blood flow goals to standardize care. Further, some studies did not fully control for co-interventions, for instance admission to critical care. We performed sensitivity analysis excluding these studies.
We assessed mortality (at longest available follow-up) as the primary outcome. Mortality (all reported time frames), morbidity measures such as rates of overall complications [rates of renal impairment, arrhythmia, respiratory failure or acute respiratory distress syndrome (ARDS), infection, myocardial infarction, congestive heart failure or pulmonary oedema, and venous thrombosis] and length of intensive care unit stay, length of hospital stay as secondary outcomes.
Results
The initial electronic search identified 18 951 potential studies (Fig. 1 • Trauma-10
• Sepsis/critical illness-09
• No flow goals/same goals in both groups-06
• Not RCT-03
• No global flow related measure-04
• Restricted fluid strategy-02
• Not all patients had surgery-01 potentially eligible studies did not meet the study inclusion criteria for several reasons. The remaining 31 fully published studies (5292 participants) met the inclusion criteria. 29 -59 These studies were conducted in Europe (20) , the USA (seven), India (one), Brazil (one), Japan (one), and Canada (one). Most studies (24 studies) recruited participants having elective surgery. The studies were published between 1988 and 2011. The study characteristics of the included studies are summarized in Table 1 . We excluded 35 studies that had not met our inclusion criteria. All included studies had randomly allocated participants. Using the Cochrane risk of bias tool we assessed the methods of randomization as adequate in 17 studies (55%) and methods of allocation concealment as adequate for 20 studies (65%). We assessed blinding of personnel or participants as adequate in only 12 studies (39%), reflecting the nature of the intervention. We assessed blinding of outcome assessment as adequate in eight studies (26%). Attrition bias was detected in one study 49 where a large number of participants were lost to the follow-up, which may have introduced attrition bias. In one study, 42 the second author has been found to have fabricated results in some clinical studies. We recognized this as a potential high risk. Exclusion of participants after randomization was noted in seven studies which may have induced selection bias ( Fig. 2) . To test the effect of publication bias, we performed Harbord and colleagues' test for the primary outcome, which showed a significant small-studies effect with a regression bias 20.72 (95% CI: 20.08 to 21.39) (Fig. 2) . 27 Data synthesis
Mortality

Long-term mortality
Thirty studies 29 -59 reported mortality data and further information was obtained from authors for one study. 47 A number of different definitions were used and some papers reported more than one definition. Using data from the longest reported follow-up, the overall mortality was 238/2677 (8.9%) in the intervention group and 282/2615 (10.8%) in the control group, RR of 0.89 (95% CI: 0.76 -1.05; P¼0.18) (Fig. 3) 
Hospital or 28-day mortality
Hospital or 28-day mortality was reported in 30 studies 29 -46 48 -59 and further information was obtained from one study. 47 
Morbidity
We analysed seven categories of morbidity using the investigators' definitions. No two studies used the same list of morbidities after surgery. In most cases, no specific criteria were listed for morbidities. No two studies used the same criteria.
Renal impairment
We accepted the rate of renal impairment reported by study authors: we did not apply a single definition across studies. Data on renal impairment were available for 21 studies. 
Arrhythmia
Arrhythmia was reported in 16 studies. However, we excluded three studies for which there were unit-of-analysis issues: two studies 29 30 reported the number of events; one of these studies 29 and one other study 54 reported for both the intraoperative and postoperative periods. One study 51 reported transient dysrhythmias ('almost always premature ventricular complexes') during insertion of pulmonary artery (PA) catheters. This was reported as a combined percentage (12%) for both control and protocol PA catheter groups. We were unable to identify the exact rate of arrhythmias for each group
Study or Subgroup
Bender and colleagues 29 Berlauk and colleagues 30 Bonazzi and colleagues 31 Boyd and colleagues 32 Cecconi andcolleagues 33 Challand and colleagues 34 Conway and colleagues 35 Donati and colleagues 36 Gan and colleagues 37 Jerez and colleagues 38 Jhanji and colleagues 39 Kapoor and colleagues 40 Lobo and colleagues 41 Mayer and colleagues 42 Mckendry and colleagues 43 Mythen and colleagues 44 Noblett and colleagues 45 Protocol with complications also reported the individual complications separately, therefore pooling of these would again lead to unit-of-analysis issues. Two studies reported the number of participants with complications separately for the intraoperative and postoperative periods. 29 54 We were unable to combine these outcomes due to unit-of-analysis issues. We therefore pooled 17 studies. 30 
Health status
No study reported on health status.
Resource use
Postoperative hospital stay 63 Two of these 61 63 reported that the intervention significantly reduced cost. The third study 62 reported cost for a subgroup of patients included in the trial and these data were not analysed by treatment groups. For the cost analysis, only one study 30 reported in mean and SD and another 29 in mean and SEM. In view of the variety of currencies and statistical descriptors we did not attempt to pool these data.
Subgroup analyses for the primary outcome
Timing of intervention
The intervention was commenced in the preoperative period in nine studies, 29 48 53 In one study, participants were randomized to two intervention groups (a preoperative and an intraoperative group) with a shared control group. 30 In another study, 32 the intervention was initiated either before operation or after operation depending on when the participants came to the attention of the investigators (Table 4 ). There was no evidence that this had any effect on the chances of being recruited into the study and therefore we did not consider that this had potential to confound the randomization process. Further, one study 41 
Type of intervention
The intervention involved fluids alone in 10 studies 34 
Sensitivity analyses
We performed sensitivity analyses of the analysis method used to generate RRs for mortality. The results were dependant upon both the analytical method and whether a random-effects model or fixed-effect model was used. There was no difference in mortality when small studies (fewer than 100 participants) were excluded, consistent with primary analysis. The effect of small studies was significant in the Harbord analysis, with a regression slope of 20.72 (95% CI 20.08 to 21.39). Participants were more likely to die in studies that recruited fewer than 100 participants, RR of 1.84 (95% CI 1.02-3.33; P¼0.04).
In some studies, the fluid and drug management in the control group was comparable with the intervention in other studies. For instance, four studies 38 41 48 53 had fluid and inotropes administered in response to measures of blood flow (CI or DO 2 I) in the control groups. One study 51 had one control group with DO 2 I driven measures. We performed a sensitivity analysis excluding these studies and the control group from Shoemaker and colleagues. 51 The findings were consistent with the primary analyses (Supplementary material Table 2 ). In some studies, fluid and inotrope administration were not the only systematic differences between the control and intervention groups. Five studies 29 Table 3 ). This meta-analysis was dominated by one study. 49 In this study, a large number of participants were lost to the follow-up. We performed sensitivity analyses for the outcomes of mortality (longest follow-up and hospital or 28-day mortality) excluding this study and assuming the possibility that all patients who were lost to the follow-up died. The results were not sensitive to these analyses (Supplementary material Table 4 ).
Discussions
The key finding of this review is that the perioperative administration of fluids, with or without vasoactive drugs, targeted to increase global blood flow defined by explicit measured goals reduced postoperative complications and length of stay but did not reduce mortality, using the inverse variance method. The analysis of studies with small number of patients (,100 participants) resulted in mortality being reduced by the intervention. When control group care was managed using a protocol that included explicit goals less than the intervention group (in contrast to 'usual care'), mortality was not reduced. When studies with intervention groups that were less well controlled for the intervention (for example pulmonary artery catheters were not matched to intervention groups) were excluded, there was a significant reduction in mortality at the longest follow-up; and hospital or 28-day mortality. It is notable that the sensitivity analyses are of limited value as they tend to reflect the inclusion or exclusion of the single largest study. 49 The limited data indicate that for every 100 patients exposed to treatment, one can expect 13 in 100 to avoid a complication, 2/100 to avoid renal impairment, 5/100 to avoid respiratory failure, and 4/100 to avoid postoperative wound infection, with no effect on other types of morbidity (myocardial infarction, arrhythmia, congestive cardiac failure or pulmonary oedema, venous thrombosis, and the number of patients with infections). These results were unchanged after sensitivity analyses that excluded studies where the control group care was managed using a protocol that included explicit goals that were less than the intervention group (in contrast to 'usual care'). When studies using intervention groups that were less well controlled (control groups not matched to intervention groups) were excluded only the number of patients with complications was reduced.
The hospital length of stay was reduced by 1-day, from 12.4 to 11.2 days, and was not sensitive to exclusion of studies where the control group care was managed using a protocol that included explicit goals that were less than the intervention group (in contrast to 'usual care') or studies using intervention groups that were less well controlled. There was no difference in critical care stay in the intervention group. This was sensitive to exclusion of studies using intervention groups that were less well controlled and the reduction was less than a day (from 4 to 3.3 days). There were insufficient data to conduct a meta-analysis of cost and no data available describing quality of life.
A stratified meta-analysis to address secondary hypotheses, determined a priori, suggested that mortality was reduced in the intervention group when study participants underwent elective surgery.
The predefined analysis plan, using mortality from the longest available follow-up, increased the weight attributed to the two largest studies that both reported 1-year follow-up. Only one other study reported follow-up beyond 60 days. In this group of studies, a proportion of the operations were for cancer resection therefore introducing a possible competing cause of mortality.
Our systematic review pooled data from 31 studies with 5292 participants. Study inclusion criteria were tightly defined and the meta-analysis was rigorously conducted according to a predefined analysis plan addressing specific hypotheses. The meta-analysis combined data from a group of predominantly underpowered single centre studies. However, the included studies reflect international practice, although the majority of included studies are from major teaching centres. The pooled studies included adults (age .16 years) undergoing several types of surgery, including abdominal, urology, gynaecology, orthopaedic, cardiac, thoracic, and vascular. Therefore, the included studies represent the population for whom the intervention might be considered.
The quality of outcome data reporting in the included studies was variable. Mortality was reported over a variety of time frames and other outcomes were either limited or inconsistent between studies, precluding meaningful analyses in many cases. Diverse criteria and descriptions for morbidities, along with infrequent use of validated metrics, limited the precision of treatment effect estimates and the confidence that can be attached to them. Furthermore, pooling of different types of morbidity was inconsistent, limiting assessment of the overall 'morbidity load'.
Most studies tested a complex package of care (for example fluids, inotropes, monitor, goals, and critical care environment) rather than a single clearly defined intervention. Heterogeneity in the components of such a complex intervention may contribute to study heterogeneity within a systematic review. Study heterogeneity may reduce the precision of treatment effect estimates and reduce the generalizability of the results of meta-analyses. 64 By definition, it is not easy to define precisely the 'active ingredients' of a complex intervention. 65 However, hypothesis-generating subgroup analyses indicated that there were insufficient data to distinguish statistically between many of the prespecified subgroups, and highlighted the limited quantity of data in some areas for example emergency surgery. Several possible sources of bias arose in this meta-analysis. The primary analysis was sensitive to the analytical methods used, the exclusion of larger studies, and the exclusion of studies that inadequately controlled for the intervention. Larger studies are less likely to be affected by bias 66 and the inclusion of lower quality studies can alter the interpretation of the benefit of interventions in meta-analysis. 67 Statistical heterogeneity was generally absent (I 2 ,40%).
Except for some analyses such as hospital length of stay, there was evidence of significant statistical heterogeneity. We used random-effects models in all cases where I 2 exceeded 40%. In all analyses of mortality, the point estimate of effect was ,0.90, suggesting that the intervention was probably not harmful. The sensitivity of our results to the methods of analysis indicates that the results of this study are far from clear-cut. Further research is essential in this area both to address the overall objective of this review and to focus on specific questions.
The studies included in this review are typical of studies in critical care research in general in that the majority of studies are underpowered and from single centres 68 and about half the studies are small (,100 participants). Future studies in this area should test an explicitly framed hypothesis, be adequately powered, methodologically rigorous, and blinded (where possible). Reporting of outcomes should be standardized (to allow comparison between studies and to facilitate the conduct of future meta-analyses) and inclusive (morbidity, health status, and resource usage).
The possibility of publication bias cannot be excluded. We found no evidence of this from contact with experts and industry but some of the identified published abstracts have yet to be published as full peer-reviewed papers. Harbord's regression test was significant at P¼0.03, suggesting small study effects. 27 Language bias is possible because of the electronic databases and conferences we searched. Flaws in the original study designs are a significant potential source of bias. The meta-analysis includes 5292 participants but the unit of analysis is the study (or study subgroup) and the sample size (31 studies) is relatively small. The results of the subgroup analyses should be considered as hypothesis-generating only and are largely influenced by inclusion or exclusion of a single study. 49 This review represents the best up-to-date summary of the literature. We framed a tightly defined question and used explicit inclusion criteria for studies and a predefined analysis plan. Our primary result does not agree with previous reviews which have been uniformly supportive of this intervention. This may be explained by the precision of the question we addressed (for example other reviews included trauma patients not having surgery) and the analytical methods used. The results of our systematic review do, however, agree with the results of the largest study in this area. 49 However, it is of concern that the Sandham study dominates the review primary analysis both in terms of number of patients (1994/5292) and weight (67%), and that the Sandham study was one of the studies where the intervention group was less well controlled (control groups not matched to intervention groups). Additionally, this study failed to achieve the intended haemodynamic goals in 80% of patients before operation and 20% during the postoperative period. 49 Research should focus on answering these questions. Sandham and colleagues showed that a large multicentre study can be conducted in this area and several such studies are currently ongoing, in particular a large multicentre study anticipated to recruit about 700 participants (ISRCTN0 4386758). Future research will hopefully disentangle the complex package of care that forms the intervention (for example, fluids, inotropes/vasoactive agents, monitor, goals, and critical care environment) and thereby identify which components are effective in different clinical contexts.
Conclusions
Clinicians should base their decision whether to manipulate perioperative global blood flow on the magnitude of reductions in postoperative morbidities and length of hospital stay rather than upon the assumption that mortality will be reduced. For every 100 patients exposed to the intervention one can expect 13/100 to avoid having complications; 2/100 to avoid renal impairment; 5/100 to avoid respiratory failure; and 4/100 to avoid postoperative wound infection. Patients remain in hospital 1 day less and there is no increase in harm. This intervention should be considered where the relevant resources are available and implementation will not otherwise harm the patient (for example, delay in definitive care).
